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The development of motion processing is a critical part of visual development, allowing
children to interact with moving objects and navigate within a dynamic environment. How-
ever, global motion processing, which requires pooling motion information across space,
develops late, reaching adult-like levels only by mid-to-late childhood. The reasons under-
lying this protracted development are not yet fully understood. In this study, we sought to
determine whether the development of motion coherence sensitivity is limited by internal
noise (i.e., imprecision in estimating the directions of individual elements) and/or global
pooling across local estimates. To this end, we presented equivalent noise direction dis-
crimination tasks and motion coherence tasks at both slow (1.5°/s) and fast (6°/s) speeds
to children aged 5, 7, 9 and 11 years, and adults. We show that, as children get older, their
levels of internal noise reduce, and they are able to average across more local motion esti-
mates. Regression analyses indicated, however, that age-related improvements in coherent
motion perception are driven solely by improvements in averaging and not by reductions
in internal noise. Our results suggest that the development of coherent motion sensitivity
is primarily limited by developmental changes within brain regions involved in integrating
motion signals (e.g., MT/V5).
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/3.0/).
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1. Introduction the registration of trajectories and the identification of

objects. Often, it is important to combine motion infor-

The processing of motion is a critical part of visual
development, allowing children to track moving objects
with their eyes, to reach for and grasp objects that are
in motion, and to navigate within a dynamic world.
Motion processing contributes to a range of elementary
visual functions including the segmentation of scenes into
different objects and surfaces, the perception of depth,

* Corresponding author. Tel.: +44 207 331 5135.
E-mail address: c.manning@ioe.ac.uk (C. Manning).

http://dx.doi.org/10.1016/j.dcn.2014.07.004

mation across space, for example in order to determine
the overall direction of a flock of birds, each of which will
be following a different motion trajectory. This ability -
termed global motion processing - is typically tested
experimentally using the motion coherence paradigm
(Newsome and Paré, 1988), which requires observers
to judge the direction of coherently moving dots in the
presence of randomly moving noise dots.

Given the importance of motion processing in visual
development, it is perhaps unsurprising that some aspects
of motion processing (e.g., directional selectivity) develop
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early in life (Wattam-Bell, 1991, 1992; see Braddick
et al., 2003, for review). However, other types of visual
motion processing follow a protracted development and
only reach adult-like levels by mid-to-late childhood.
For example, the minimum speed required to support
perception of motion-defined form and the maximum
displacement supporting perception of movement mature
by around 7-8 years (Hayward et al., 2011; Parrish et al.,
2005), motion coherence thresholds reach adult-like
levels between 10 and 14 years (Gunn et al., 2002; Hadad
et al., 2011) and speed discrimination abilities are not yet
fully adult-like by 11 years (Manning et al., 2012). Such
motion processing abilities rely primarily on the dorsal
pathway (Milner and Goodale, 1995), which originates
from motion-sensitive neurons in area V1, and projects to
extrastriate areas including MT/V5. While neurons in V1
can signal the presence of local motion (Hubel and Wiesel,
1962), neurons in V5 play a key role in global motion
processing, as they have larger receptive fields capable of
integrating inputs from V1 (Mikami et al., 1986).

Adult studies of visual motion processing suggest the
existence of at least two distinct systems tuned to dif-
ferent ranges of speed (Burr et al., 1998; Edwards et al,,
1998; Thompson et al., 2006; also see review by Burr and
Thompson, 2011), which may follow different develop-
mental trajectories in the maturing brain. Hayward et al.
(2011) reported greater immaturity in sensitivity to coher-
ent motion at the slowest speed tested (0.1°/s) compared
to faster speeds of 0.9 and 5°/s. Also, in a speed dis-
crimination task, Manning et al. (2012) reported a more
gradual development of thresholds for slow (1.5°/s) than
fast (6°/s) speeds. However, Hadad et al. (2011) did not
find different rates of development for motion coherence
thresholds measured with random dot stimuli moving at
4°[s and 18°/s. Together, this research suggests that motion
processing for intermediate and fast speeds may follow
similar rates of development, but that processing of much
slower speeds (e.g., 0.1 and 1.5°/s) may develop more
slowly.

Global motion processing abilities in childhood are gen-
erally thought to be limited by poor integration of local
motion cues over space (e.g., Ahmed et al., 2005; Hadad
et al, 2011; Manning et al.,, 2012). Such integration is
believed to occur in higher-order areas of the motion
processing hierarchy, such as in area MT/V5 (Born and
Tootell, 1992; Brittenetal., 1992). Yet performance on tasks
traditionally used to assess global motion processing (i.e.,
motion coherence paradigms; Newsome and Paré, 1988)
is not limited solely by global integration. Such tasks are
likely limited not only by an observer’s ability to globally
pool the motion of individual dots across space, but also by
their ability to estimate the local motion direction of each
dot (Barlow and Tripathy, 1997), and by their ability to seg-
ment the signal dots from the masking noise (Dakin et al.,
2005; Tibber et al., 2014; Webster et al., 2011).

Increased neural variability would lead to imprecisionin
estimating individual dot directions, which, when pooled,
could lead to elevated motion coherence thresholds. This
neural variability has been termed ‘internal noise’, and
has many potential sources, including photon noise, vari-
ability in the firing of action potentials, and variability

in synaptic transmission (Faisal et al.,, 2008). Through
development, neurons in area V1 undergo extensive synap-
tic pruning (Garey and de Courten, 1983; Huttenlocher
et al., 1982; Huttenlocher and de Courten, 1987), and the
bandwidths of direction-selective cells reduce with age (at
least in the primate brain, Hatta et al., 1998). It is possi-
ble that such developmental changes might be manifest as
reduced internal noise with age.

The traditional motion coherence paradigm cannot
distinguish between local and global limits to motion per-
ception and has hence obscured our understanding of
what limits global motion processing during development
(and in a variety of neurodevelopmental disorders; Dakin
and Frith, 2005). To address this issue, the current study
used the equivalent noise paradigm (Barlow, 1956; Pelli,
1990) to determine whether local or global processing
limits motion coherence sensitivity in development. The
equivalent noise paradigm is based on comparing human
performance to that of an ideal observer that is limited
both by additive internal noise and by how completely it
samples the information available from the stimulus (Pelli,
1990). When equivalent noise analysis is applied to direc-
tion discrimination (Dakin et al., 2005), internal noise maps
onto the precision with which individual motion direc-
tions are estimated and sampling represents an estimate
of the effective number of local motion directions that
are globally pooled (or averaged). Whereas motion coher-
ence stimuli contain both signal dots and randomly moving
noise dots, equivalent noise stimuli contain dots whose
directions (on any one trial) are sampled from a single
Gaussian distribution (Dakin et al., 2005). The standard
deviation of this distribution is varied across conditions,
in order to manipulate the level of stimulus variability (or
‘external noise’; see Fig. 1A).

In the equivalent noise task, the observer is asked to dis-
criminate the mean direction of dots, and the performance
measure is the smallest difference in direction from a fixed
reference direction (e.g., upwards) that observers can reli-
ably report. With no directional variance (i.e., when the
standard deviation is 0° and all elements move in the same
direction), the observer’s performance is limited both by
internal noise and sampling. Consequently, small amounts
of extra external noise have little effect on thresholds, as
it is swamped by the observer’s own internal noise. How-
ever, as the level of external noise is increased, a point
is reached where the external noise exceeds the inter-
nal noise inherent in the system, and thresholds start to
increase with the addition of further external noise. An
equivalent noise function can be fit to these data to derive
estimates of the individual’s internal noise and sampling
(see Fig. 1A).

As thresholds are measured across a range of external
noise levels, the equivalent noise method typically requires
several thousand trials, making it unsuitable for investi-
gating the visual abilities of children, who may get bored
and become inattentive. However, a more efficient equiv-
alent noise procedure has been developed, which provides
reliable estimates of internal noise and sampling in fewer
than 100 trials (Tibber et al., 2014). In this novel method,
two highly informative points on the equivalent noise func-
tion are probed (see grey line, Fig. 1B). In one condition
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Fig. 1. (A) Equivalent noise functions relating direction discrimination thresholds to the standard deviation of dot directions (i.e., external noise). Lower
sampling is represented by an equivalent noise function that is shifted vertically upwards, whilst higher levels of internal noise require more external noise
to be added before thresholds increase. (B) The black circles and curve represent the standard equivalent noise paradigm where direction discrimination
thresholds are measured at multiple levels of external noise. Large standard deviations of dot directions reflect high external noise in the stimulus. The
grey circles and curve are derived using a rapid version of the equivalent noise paradigm, which measures performance at two maximally informative
noise levels. In the ‘no noise’ condition, there is no external noise (i.e., the standard deviation of dot directions is 0°) and the threshold is taken as the finest
direction discrimination possible. In the ‘high noise’ condition, we measure the maximum noise that can be tolerated when the observer is judging if the
pattern is moving either +45° or —45° of vertical. (C) Example of a stimulus in the ‘low noise’ condition, where the mean direction of dots is +4°, and the
standard deviation of directions is 0°. (D) Example of a stimulus in the ‘high noise’ condition, where the mean direction of dots is +45°, and the standard
deviation of dot directions is 45°. Arrows are provided for illustrative purposes only, to represent the direction of motion.

(‘no noise’, Fig. 1C), the standard deviation of dot direc-
tions is 0°, and an adaptive staircase procedure is used to
estimate the finest direction discrimination possible. In the
other condition (‘high noise’, Fig. 1D), an adaptive staircase
procedure estimates how much directional variability can
be tolerated while discriminating a large (+45°) directional
offset. As these thresholds have confidence intervals that lie
in orthogonal planes, the fit of the equivalent noise func-
tion is efficiently constrained to provide reliable estimates
of internal noise and sampling.

Here, we used Tibber et al.’s rapid version of the equiv-
alent noise direction integration paradigm alongside a
traditional motion coherence task to investigate the fac-
tors limiting the development of global motion processing.
These methods allowed us to investigate (1) how inter-
nal noise and sampling develop, and (2) the extent to
which changes in these factors impact upon a commonly
used measure of global motion processing, namely motion
coherence thresholds. Due to the possibility of distinct
developmental trajectories for different speeds (Hayward
et al., 2011; Manning et al., 2012), equivalent noise and
motion coherence tasks were presented at two stimulus
speeds: slow (1.5°/s) and fast (6°/s).

It is commonly assumed that motion coherence thresh-
olds are limited by poor integration of local motion
information (e.g., Hadad et al., 2011). We therefore hypo-
thesised that sampling would increase with age and

that this would contribute to age-related reductions in
motion coherence thresholds. Deriving hypotheses about
the development of internal noise was less straightforward.
Indeed, some researchers have noted that children have
high trial-to-trial behavioural variability which decreases
with age (e.g., Williams et al, 2005), where higher
behavioural variability is thought to reflect higher neu-
ronal variability (i.e., noise; Fox et al., 2007, but see also
Beck et al., 2012). Additionally, Skoczenski and Norcia
(1998) measured internal noise in infants using an equiv-
alent noise technique with visually evoked potential (VEP)
responses and reported that high levels of internal noise
in infancy limited contrast sensitivity. Similarly, Buss et al.
(2006) demonstrated increased levels of internal noise in
children aged 5-10 years compared to adults, with children
being less susceptible to the effects of external noise (rov-
ing intensities) in an auditory intensity discrimination task.
Alternatively, some have suggested that neuronal variabil-
ity in fact increases with age from 8 years to adulthood,
as measured by trial-by-trial EEG variability (McIntosh
et al., 2008). Evidently, internal noise has been measured
in a range of different ways and it is not yet clear how
these measures relate to each other. In the current study,
we therefore aimed to investigate how internal noise and
sampling change through childhood for a direction integra-
tion task and to determine whether such changes limit the
development of motion coherence perception.
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2. Materials and methods
2.1. Participants

Five groups of participants were tested, with 21 5-year-
olds (M =5 years; 4 months, range 4; 10-5; 10, 14 females),
27 7-year-olds (M =7 years; 3 months, range 6; 7-7; 10,
11 females), 25 9-year-olds (M =9 years; 2 months, range
8; 8-9; 9, 11 females), 20 11-year-olds (M=11 years; 3
months, range 10; 8-11; 9, 14 females) and 30 adults
(M =26 years; 9 months, range 21; 5-35; 10, 15 females)
included in the final dataset. Children were recruited from
schools in the South East of England. Normal or corrected-
to-normal visual acuity was confirmed by binocular testing
with letter acuity tests using optical corrections where nec-
essary. Normal acuity was defined as a binocular acuity
of 6/9 or better for 5- and 7-year-olds (because acuity is
still maturing in this age range; Adams and Courage, 2002;
Ellemberg et al., 1999) and 6/6 or better for 9- and 11-year-
olds and adults.

An additional nine 5-year-olds were excluded from the
dataset, with one child failing to pass the visual acuity
screening, one failing to reach criterion (see Section 2.3.1),
three not performing significantly above chance in the
catch trials (see Section 2.6.2) and four obtaining motion
coherence thresholds above 100%, indicating an inability
to perform the task. One additional 7-year-old could not
complete the motion coherence task. An additional two 9-
year-olds, one 11-year-old and one adult were excluded
from the dataset due to diagnoses of developmental con-
ditions.

2.2. Apparatus and stimuli

The stimuli were presented using MATLAB (The Math-
works Ltd.) using elements of the Psychophysics Toolbox
software (Brainard, 1997; Kleiner et al., 2007; Pelli, 1997).
Stimuli were displayed on a Dell Precision M4600 lap-
top at a frame rate of 60Hz and a pixel resolution of
1366 x 768.

A

A yellow-bordered circular aperture (diameter=15°)
and anchor-shaped fixation point (0.57 x 0.57°) were pre-
sented against a grey background with a luminance of
30cd/m? (see Fig. 2). Two smaller yellow-bordered circu-
lar apertures (diameter=6.12°) were presented to the left
and right of this, serving as reference points for the repor-
ting of motion direction. In the equivalent noise task, the
left and right apertures were presented in the top corners
of the screen and contained images of red and green reefs,
respectively (see Fig. 2A). In the motion coherence task, the
left and right apertures were presented halfway down the
screen, containing images of red and green rocks, respec-
tively (see Fig. 2B).

The stimuli were comprised of 100 randomly positioned
white dots (58.7 cd/m?), each with a diameter of 0.44°,
drifting for 400 ms within the central aperture. Dot pos-
itions were updated every 3 frames with displacements of
0.075° and 0.3° in the slow (1.5°/s) and fast (6°/s) condi-
tions, respectively. Dots were allowed to overlap and were
not limited in their lifetime.

2.3. Procedure

Participants completed an equivalent noise task and a
motion coherence task in each of two speed conditions:
slow (1.5°/s) and fast (6°/s). In the equivalent noise task,
dot directions were randomly sampled from a wrapped
normal distribution with a specified mean and standard
deviation. The equivalent noise task consisted of two inter-
leaved conditions that probed two informative points on
the equivalent noise function to constrain the fit of the
model (see Fig. 1B). In the ‘no noise’ condition, the standard
deviation of dot directions was fixed at 0° (i.e., all dots
moved in the same direction), while the mean direction
of the dots was varied (leftward or rightward of vertical)
to find the finest direction that could be discriminated 84%
of the time in the absence of stimulus noise (correspond-
ing to the mean plus one standard deviation in a cumulative
normal distribution). In the ‘high noise’ condition, the mean
direction of dots was fixed at 45° leftwards or rightwards

B

Fig. 2. Schematic representation of stimuli presented in the ‘high noise’ condition of the equivalent noise task (A) and the motion coherence task (B). The
anchor-shaped fixation point, central yellow aperture and green (left) and red (right) “reefs” or “rocks” remained on the screen throughout the trial.
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of vertical-upwards motion, and the standard deviation of
dot directions was varied to find the maximum level of
noise that could be tolerated whilst identifying the signal
direction with 84% accuracy.

The equivalent noise task was presented as “The Hungry
Fish Game”. Participants judged whether a shoal of “fish”
was “swimming” towards the red (left) or green (right) reef
to find their food. Children were told that sometimes the
fish all moved in the same direction (‘no noise’) and some-
times the fish moved in different directions (‘high noise’), in
which case they had to determine the overall (i.e., average)
direction. To aid motivation, children were told that they
were competing against a cartoon character, “Scuba Sam”.

In the motion coherence task, a proportion of dots
moved coherently in a single direction (90° leftward or
rightward of vertical) while the remaining dots moved in
random directions. The task was presented within the con-
text of “The Shark Attack Game”. Participants were asked to
judge whether the shoal of “fish” was “swimming” towards
the red (left) or green (right) rocks to hide from the “shark”.
Children were told that the “fish” sometimes “panicked”
when they saw the “shark”, causing them to go in different
directions. To enhance motivation, children were told that
they were competing against the “shark”.

Each equivalent noise and motion coherence task
consisted of three levels: a combined demonstration and
criterion phase (‘level 1’), a practice phase (‘level 2’), and a
threshold estimation phase (‘level 3’). In all levels in both
tasks, direction (leftward or rightward of vertical) was ran-
domised on each trial.

2.3.1. Demonstration and criterion phase

The experimenter explained each task to participants
within the context of four demonstration trials, two of
which were designed to be ‘easy’, and two of which
were ‘slightly harder’. In the equivalent noise task, two
of the trials demonstrated the ‘no noise’ condition, and
two demonstrated the ‘high noise’ condition. Next, par-
ticipants were presented with up to 20 criterion trials.
In the equivalent noise task, ‘no noise’ stimuli were pre-
sented with a direction of 45° leftward or rightward of
vertical. In the motion coherence task, dots moved with
100% coherence 90° leftward or rightward of vertical. Par-
ticipants who failed to reach a criterion of four consecutive
correct responses within 20 trials were given a short ver-
sion of the task and excluded from analysis (n=1). Children
responded either verbally or by pointing, with the experi-
menter relaying the response to the computer. Visual and
verbal feedback and encouragement were provided.

2.3.2. Practice phase

Eight practice trials were presented in a fixed order for
each task with increasing difficulty. In the equivalent noise
task, four ‘no noise’ stimuli and four ‘high noise’ stimuli were
presented in alternating order. Participants received feed-
back as before, but there was no criterion for proceeding to
the next phase.

2.3.3. Threshold estimation phase
Both the equivalent noise and motion coherence tasks
employed the QUEST adaptive staircase method (Watson

and Pelli, 1983). In the equivalent noise task, two stair-
cases (75 trials each) were interleaved for each of the ‘no
noise’ and ‘high noise’ conditions. In the ‘no noise’ condi-
tion, the QUEST function tracked the basic direction offset
threshold in the absence of noise. In the ‘high noise’ condi-
tion, the mean direction of motion was set to +45° and
QUEST tracked the maximum level of noise that could
be tolerated whilst discriminating the mean direction.
An additional 15 catch trials were interleaved randomly,
presenting stimuli identical to those used in the crite-
rion phase. This yielded 165 trials in total for each speed
condition.

In the motion coherence task, a single QUEST staircase
of 75 trials tracked the minimum coherence level required
for accurate (84% correct) direction discrimination. As in
the equivalent noise task, there were an additional 15
catch trials, which presented stimuli used in the crite-
rion phase. This resulted in 90 trials in total for each
speed condition. Trials were divided into four blocks of
equal length for each condition of each task. When the
end of a block was reached, participants were shown a
simulated graph of the “points” they and their “oppo-
nent” (“Scuba Sam” or the “shark”) had attained. These
points were randomly jittered around a fixed set of values
to minimise reward and motivation effects on threshold
estimates.

2.4. Eyetracking

To establish whether developmental differences in task
performance could be accounted for by differences in abil-
ity to maintain fixation, we used a Tobii X2-30 Compact
eyetracker mounted onto the screen to collect fixation data
for a subset of participants, including 12 five-year-olds, 17
seven-year-olds, 11 nine-year-olds, 9 11-year-olds and 10
adults. A five-point calibration procedure was conducted
before the introductory phase and fixation data were sam-
pled at a rate of 40 Hz during stimulus presentation in the
threshold estimation phase.

2.5. General procedure

The procedure was approved by the Institute of Edu-
cation’s Faculty Research Ethics Committee. All adult
participants and parents of child participants gave their
informed consent. Children provided verbal assent. Par-
ticipants were seen individually for two sessions lasting
approximately 25min, each consisting of one equiva-
lent noise and one motion coherence task. The order of
presentation of conditions was counterbalanced across
participants. Participants were seated in a dimly lit
room 51cm from the monitor which they viewed
binocularly using a chin-rest. They were instructed to
maintain central fixation throughout stimulus presen-
tation, which the experimenter monitored, providing
reminders to maintain fixation and only initiating tri-
als when the participant was attending. Participants
were each given a ‘Submarine Log Book’ with which
they recorded their progress through the experimental
session.
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2.6. Data analysis

2.6.1. Equivalent noise analysis

The equivalent noise model describes changes in direc-
tion discrimination threshold as a function of external
noise:

2 2
o2, = Jint " Txt (1)
obs — n
samp
where ngs is the observer’s threshold, aizm is additive inter-

nal noise, 02, is the external noise added to the stimulus,
and nsamp is the effective number of samples used to cal-
culate the mean direction of the stimulus. This approach
exploits additivity of variance, whereby internal noise and
external noise contribute independently to an observer’s
direction discrimination threshold.

The equivalent noise task yielded two thresholds: (a)
the finest direction discrimination possible with no stim-
ulus noise (‘no noise’ condition), and (b) the maximum
level of noise that could be tolerated whilst discriminat-
ing a large signal offset of 45° (‘high noise’ condition). By
running Monte Carlo simulations of a model observer’s
performance across a range of internal noise and samp-
ling levels, Bex et al. have shown that - assuming that
a participant’s internal noise is negligible at high noise
levels - sampling (nsamp) can be estimated from a linear
transformation of their maximum tolerable noise threshold
(MTN):

Nsamp = €xp(0.000121 « MTN? + 0.0357 « MTN — 1.8093)
(2)

As performance at low levels of external noise is deter-
mined both by internal noise and sampling, it is possible to
use the estimate of nsamp to compute the level of internal
noise, by rearranging Eq. (1). Thus, when external noise is
zero (02, = 0):

2 2
Oint = 9gps X Msamp 3)

This approach assumes that observers do not change
their sampling (or more generally, their strategy) as a func-
tion of external noise level. Consistent with this view, the
equivalent noise function has been shown to fit direction
discrimination data over a wide range of external noise
levels (directional variability), under varying stimulus con-
ditions (Dakin et al., 2005). Note that this approach does
not assume that observers are necessarily averaging dot
directions in the way the model does to make perceptual
judgements. No matter how observers perform the task the
model will return the effective number of samples that are
averaged - that is to say that the observer is acting as if they
were averaging a certain number of dots. Thus all noise and
sampling estimates quoted are necessarily effective values
since we cannot know the observer’s underlying strategy
for performing the task.

2.6.2. Data screening and transformation

A lapse rate was calculated as the proportion of incor-
rect responses to catch trials for each participant for
each condition for each task. A binomial test revealed

that participants responding incorrectly on 4 or more of
the catch trials were not performing significantly above
chance. Three five-year-olds were therefore excluded from
analyses (see Section 2.1).

Analysis of variance (ANOVA) showed that lapse rates
differed significantly across age groups, F(4,118)=9.26,
p<.01, nﬁ = .24(5-year-olds: M =.04,SD =.06; 7-year-olds:
M=.02; SD=.04, 9-year-olds: M=.01, SD=.03; 11-year-
olds: M=.01, SD=.03; adults, M<.01, SD=.01). Post hoc
Dunnett t-tests comparing each of the age groups with the
adult groups revealed that 5-year-olds and 7-year-olds had
significantly higher lapse rates than adults (5-year-olds:
p<.01; 7-year-olds: p<.01), whereas the 9- and 11-year-
olds did not differ from the adult group (p>.05). There
was no main effect of task (p=.45), although higher lapse
rates were found for the slow speed conditions (M=.02,
SD=.05) than the fast speed conditions (M=.01, SD=.03),
F(1,118)=15.40,p<.01, 771% =.12. No interactions were sig-
nificant (ps >.05).

To ensure that any age-related and/or speed-related dif-
ferences in internal noise, sampling or motion coherence
thresholds were not a by-product of differences in atten-
tion, an ideal observer model was run assuming different
levels of lapse rate. Monte Carlo simulations allowed us to
model the effect of differing lapse rates on thresholds. We
averaged across tasks to get alapse rate for each observerin
each speed condition, and then corrected the thresholds for
each observer according to their lapse rate for each speed
condition, based on the simulation results.

Next, the internal noise, sampling and motion coher-
ence threshold estimates in each speed condition were
assessed for skewness and kurtosis. All measures showed
significant positive skew (ps <.05) and the majority showed
significant kurtosis (ps <.05). Consequently, all data were
log-transformed. The data were then screened for outliers
lying more than three z scores from the mean for each age
group in each speed condition. No outliers were found in
motion coherence thresholds, internal noise or sampling
estimates. All of the analyses reported below were con-
ducted with log-transformed, lapse-corrected values.

2.6.3. Fixation analysis

Raw fixation data were (x,y) coordinates sampled during
stimulus presentation in each trial of the threshold estima-
tion phase for left and right eye positions relative to the
screen’s active display area. The data were initially filtered
according to a validity code from 0 (signifying the eye was
definitely found) to 4 (signifying the eye was not found).
All samples with validity codes of 2 or higher were dis-
carded (Tobii Technology, 2013). The (x,y) coordinates were
then averaged across the left and right eye for analysis. A
measure of fixation stability was derived by pooling the
standard deviations of fixation locations in x and y dimen-
sions. The standard deviations were then log-transformed
to minimise the effects of skewness and kurtosis.

3. Results
3.1. Age-related changes in internal noise

Levels of internal noise reduced with age, with 5-year-
olds having mean levels of 9.62° and 9.69° in the slow and
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fast conditions, respectively, which reduced to 6.72° and
4.80° in the adult group. To characterise the rate of devel-
opmental changes in estimated internal noise, log internal
noise values were plotted as a function of log age and
fit with a straight line (Fig. 3A). We then compared the
developmental trajectories for slow and fast speeds using
the ANCOVA method outlined by Thomas et al. (2009). In
this method, within-subjects effects are initially examined
using an ANOVA before assessing age-related changes by
adding a covariate (as within-subjects effects are masked
when a between-subjects covariate is added; Delaney and
Maxwell, 1981; Thomas et al., 2009). An initial ANOVA
with speed condition (slow, fast) as a within-subjects factor
revealed that significantly higher levels of log internal noise
were found in the slow (M =.87, SD =.24) than the fast con-
dition (M=.79, SD=.25), F(1,122)=12.24, p<.01, nf, =.09.
Next, an ANCOVA was conducted by adding log age into the
model as a covariate. Overall, log internal noise reduced sig-
nificantly with age, F(1,121)=13.42, p<.01, ng =.10. Also,
there was a significant interaction between log age and
speed condition, F(1,121)=4.76, p=.03, 77;2; = .04, indicat-
ing a significantly steeper rate of development in the fast
condition than the slow condition.

Dunnett t-tests (corrected for multiple comparisons)
were conducted to determine when adult-like levels of log
internal noise were reached for slow and fast speed condi-
tions. In the slow condition, 5-year-olds had significantly
higher log internal noise than adults (p=.02) whereas 7-,
9- and 11-year-olds had adult-like levels of log internal
noise (ps>.05) (5-year-olds: M=.98, SD=.25; 7-year-olds:
M=.86, SD=.27; 9-year-olds: M=.87, SD=.23; 11-year-
olds: M=.83, SD=.22; adults: M=.83, SD=.23). Similarly,
in the fast condition, 5-year-olds had higher log internal
noise than adults (p <.01) whereas the older age groups did
not (ps>.05) (5-year-olds: M=.99, SD=.28; 7-year-olds:
M=.78, SD=.23; 9-year-olds: M=.80, SD=.20; 11-year-
olds: M=.78; SD=.21; adults: M=.68, SD=.26).

3.2. Age-related changes in sampling

Next, we investigated age-related changes in sampling.
As shown in Fig. 3B, sampling increased from 0.51 at age
5 to 1.47 in adults in the slow condition, and from 0.98
to 1.85 in the fast condition. We repeated the ANOVA and
ANCOVA analyses using log-transformed levels of sampling
as the dependent variable. Higher levels of log sampling
were obtained in the fast condition (M = —.06; SD =.34) than
in the slow condition (M=.13; SD=.34), F(1,122)=39.12,
p<.01, n§ =.24. When log age was added into the model
as a covariate, it was found that log sampling increased
across development, F(1,121)=23.32, p<.01, r)ﬁ =.16, as
predicted. However, there was no interaction between
speed condition and log age, F(1,121)=1.88, p=.17, sug-
gesting a similar rate of development in slow and fast
conditions.

Dunnett t-tests revealed that all child groups had lower
log sampling compared to adults (M=.17, SD=.35) in the
slow condition (5-year-olds: M=-.29, SD=.28; p<.01; 7-
year-olds: M=-.06,SD=.35; p<.01; 9-year-olds: M=—.15,
SD=.28; p<.01; 11-year-olds: M=-.06, SD=.28; p=.01).
In the fast condition, 5-year-olds (M=-.01, SD=.28) and

7-year-olds (M=-.01; SD=.25) had lower log sampling
than adults (M =.27; SD =.40) (ps<.01) whereas 9-year-olds
(M=.14, SD=.33) and 11-year-olds (M=.23, SD=.30) did
not differ significantly from adults (ps >.05).

3.3. Age-related changes in motion coherence thresholds

Whereas 5-year-olds required, on average, 47% coher-
ent motion in both the slow and fast conditions to
reliably report the direction of motion, adults required
only 34% and 26% coherent motion in the slow and
fast conditions, respectively. The ANOVA and ANCOVA
analyses were repeated to characterise developmental
changes in log motion coherence thresholds (Fig. 3C).
Higher log motion coherence thresholds were found in
the slow condition (M=-.41, SD=.16) than the fast con-
dition(M=-.51,SD=.21),F(1,122)=37.18,p<.01, nﬁ =.23.
Thresholds decreased with log age, F(1,121)=20.50, p<.01,
'71% = .14, but there was no significant interaction between
speed condition and log age, F(1,121)=2.73, p=.10, indi-
cating that sensitivity developed at a similar rate for slow
and fast speeds.

Five-year-olds and 7-year-olds had significantly higher
log thresholds than adults in both the slow and fast
conditions (ps <.01), whereas 9- and 11-year-olds showed
adult-like levels of performance (ps>.05) (5-year-olds:
Msjow = —-33, SDsjow =-18, Mgag¢ = —.32, SDfae =.17; 7-year-
olds: MSIOW = —.35, SDSIOW = 14, Mfast = —.44, SDfaSt =.1 7;
9-year-olds:  M;ow=—42, SDgow=.15, Mssst=—.58,
SDfasr =.22;  11-year-olds:  Mgjow =—48, SDgjow =.14,
Mg, = —.63, SDgase =.16; adults: Mg = —47, SDgjow =16,
Mgt = —.58, SDgas =.17).

3.4. Relationship between equivalent noise measures and
motion coherence thresholds

Our results show that internal noise reduces, and
sampling increases, through development, while motion
coherence thresholds decrease. Next we sought to inves-
tigate whether increasing sensitivity to coherent motion
is driven either by internal noise or sampling, or a
combination of both. Correlation analyses including all par-
ticipants revealed no relationship between internal noise
and motion coherence thresholds in either slow, r=.03,
df=122, p=.77, or fast, r=.08, df=122, p=.36, conditions.
However, sampling was negatively correlated with motion
coherence thresholds in both slow, r=—.35,df=122,p<.01,
and fast, r=-.34, df=122, p<.01, conditions.

We built a hierarchical regression model on log motion
coherence thresholds for each speed condition, with log age
added into the model first, followed by sampling and inter-
nal noise added in a stepwise manner (see Table 1). In both
slow and fast conditions, log age significantly predicted
motion coherence thresholds in the first step of the model.
When sampling and internal noise were added into the sec-
ond step of the model, age remained a significant predictor
of motion coherence thresholds, and sampling was also a
significant predictor in both slow and fast conditions. Inter-
nal noise, however, failed to significantly predict coherence
thresholds for either speed condition (slow, 8=.14, p=.16,
or fast, 8=.08, p=.41), and was therefore excluded from
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Table 1
Hierarchical regression analyses on log motion coherence thresholds in
the slow (1.5°/s) and fast (6°/s) conditions.

Slow condition Fast condition

B SEB B B SEB B
Step 1
Constant -021 0.6 -020 0.07
Log age —-0.19 .06 -29° -030 007 -.36"
Step 2
Constant -030 0.06 -025 0.7
Log age -0.12 006 -.18 -024 007 -29°

Log sampling -0.13 004 -28° -0.16 005 -26"

Note:
In the slow condition, R? =.09, p <.01 for Step 1; AR? =.06, p<.01 for Step
2.In the fast condition, R> =.13, p <.01 for Step 1; AR? =.06, p <.01 for Step
2.

" p<.05.

" p<01.

the model in both speed conditions. Step 2 of the model,
with both log age and sampling, was a significantly better
model than Step 1 of the model in both speed condi-
tions (see Table 1). The resulting model with log age and
log sampling significantly predicted log motion coherence
thresholds in both slow (F(2,120)=10.63, p<.01) and fast
(F(2,120)=14.32, p<.01) conditions.

3.5. Fixation analysis

Next, we investigated whether there were age-related
changes in the ability to maintain fixation and whether
these were related to task performance. The standard devi-
ation of participants’ eye positions for each task is shown
in Fig. 4. A preliminary ANOVA on standard deviations in
the equivalent noise task revealed no main effect of noise
condition (‘no noise’, ‘high noise’) and no interactions with
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age group or speed condition, and so this factor was not
analysed further.

A mixed ANOVA was conducted on the standard devi-
ations with speed (1.5°/s, 6°/s) and task (equivalent noise,
motion coherence) as within-participants factors and age
group (5-, 7-,9- and 11-year-olds and adults) as a between-
participants factor. There was no main effect of stimulus
speed, F(1,54)=1.34, p=.25. However, higher standard
deviations (i.e., reduced stability) were found in the equiv-
alent noise task (M=-1.08, SD=.28) than the motion
coherence task (M =-1.22,SD=.28), F(1,54)=52.47,p<.01,
ng =.49. There was a significant main effect of age,
F(4,54)=4.08, p<.01, nj = .23. Dunnett t-tests revealed
that 5-year-olds had significantly larger standard devia-
tions (M=-.92, SD=.27) than adults (M=-1.27, SD=.28),
p <.01, whereas the older age groups were not significantly
different to adults (7-year-olds: M= —1.14,SD =.27; 9-year-
olds: M=-1.26,SD=.26; 11-year-olds: M=-1.19,SD =.23;
ps>.05). No significant interactions were found between
task, speed condition and group (ps >.05).

Having found that the youngest children have less stable
fixations than older participants, we sought to investi-
gate whether these differences related to internal noise
and sampling. Given that higher levels of internal noise
and lower sampling are found in the slow condition (Sec-
tions 3.1 and 3.2), we conducted separate analyses for each
speed condition. In the slow condition, fixation standard
deviation was related to internal noise estimates, r=.28,
df=58, p=.04, with lower fixation standard deviations (i.e.,
more stable fixations) being associated with lower inter-
nal noise. There was, however, no relationship between
fixation standard deviation and sampling, r=—.14, df=58,
p=.29. Similarly, in the fast condition, fixation standard
deviation was related to internal noise, r=.30, df=58,
p=.02, but not sampling, r=—.05, df=58, p=.72. Finally, we
investigated the relationship between fixation stability and
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Fig. 4. Standard deviations of eye positions in equivalent noise tasks (left panel) and motion coherence tasks (right panel) for slow (1.5°/s) and fast (6°/s)
speed conditions. Circles show individual performance (slow: open circles; fast: filled circles) and lines represent mean performance for each age group
(slow: red dotted line; fast: blue solid line). Standard deviations were log-transformed for analysis. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)
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motion coherence thresholds. Motion coherence thresh-
olds were not related to standard deviation of eye positions
in either slow, r=.14, df=58, p=.31, or fast, r=.17, df=58,
p=.20, conditions.

4. Discussion

This study presented an equivalent noise motion inte-
gration task alongside a traditional motion coherence task
to children aged 5, 7, 9 and 11 years and adults for two
speed conditions (slow: 1.5°/s; fast: 6°[s). This method
allowed us to characterise both age-related changes in
internal noise and sampling and the mechanisms sup-
porting coherent motion processing. While there was
considerable individual variability, we found that inter-
nal noise estimates reduce through childhood, reflecting
improved local processing, and that this is accompanied
by an increase in the number of samples the child can use
to estimate global motion. Note that the effective number
of samples can also be thought of as a measure of multi-
plicative noise being added to all estimates in the pooling
process (i.e., ‘global noise’; Dakin et al., 2005). Although
levels of internal noise reduced with age, these did not pre-
dict motion coherence thresholds. Instead, developmental
increases in motion coherence sensitivity appear to be
driven solely by age-related increases in sampling.

Overall, higher levels of internal noise and lower samp-
ling were found in the slow (1.5°/s) condition than the
fast (6°/s) condition, which might reflect distinct speed-
tuned motion processing systems (e.g., Thompson et al.,
2006). Generally poorer performance might be a conse-
quence of fewer neurons tuned to slow speeds than fast
speeds, as found in the primate brain (Hadad et al., 2011;
Liu and Newsome, 2003). We were particularly interested,
however, in how internal noise and sampling changed
with age, and how these age-related effects might vary
between speed conditions. Internal noise levels reduced
more gradually in the slow (1.5°/s) condition than the
fast (6°/s) condition, whereas sampling followed a similar
rate of development for slow and fast stimuli. Further-
more, sampling appeared to follow a more protracted rate
of development than that of internal noise. Internal noise
reached adult-like levels by approximately 7 years of age,
while sampling reached adult-like levels at a later age.
Indeed, sampling was adult-like by 9 years in the fast con-
dition, but was not yet adult-like by 11 years in the slow
condition.

Our results complement a recent study by Bogfjellmo
et al. (2014), which found increased sampling of direc-
tion information between the ages of 6 and 17 years for
stimulus speeds of 2.8°/s and 9.8°/s, while levels of inter-
nal noise remained stable. Taken together, the current
results and those of Bogfjellmo et al. suggest that inter-
nal noise reduces to adult-like levels by approximately
6-7 years, while age-related changes in sampling follow
amore extended trajectory. Our finding that internal noise
reduces with age echoes a previous study in the auditory
domain which reported higher internal noise in children
aged 6-11 years compared to adults (Buss et al., 2006),
as well as reports of increased levels of internal noise in
infants (Skoczenski and Norcia, 1998).

The equivalent noise method gives us an estimate of the
total amount of internal noise, whilst remaining agnostic
about its precise source. However, we speculate that high
levels of internal noise in our direction integration task may
reflect immaturity in the responses of direction-sensitive
cellsin V1. Specifically, imprecision in estimating the direc-
tions of local elements may be due to broad bandwidths of
V1 neurons in children below the age of 7 years, which later
narrow with development (at least in the primate brain,
Hatta et al., 1998). Conversely, developmental increases
in sampling may reflect the development of neurons in
higher areas of the motion processing hierarchy thought
to be involved in integrating local motion signals, such as
MT/V5 (Born and Tootell, 1992; Britten et al., 1992). While
MT neurons are responsive to direction information and
myelinated at birth in primates (Flechsig, 1901; Movshon
et al., 2004), they show immaturities in their integrative
properties (Movshon et al., 2004), which could underlie the
extended development of sampling reported here. Further-
more, the fact that internal noise matures before sampling
corroborates neurophysiological research showing that V1
matures earlier than extrastriate areas (Distler et al., 1996;
Gogtay et al., 2004; Hou et al., 2009; Kourtzi et al., 2006),
which has been linked to differences in synaptic pruning
(Distler et al., 1996; Gogtay et al., 2004). Future work com-
bining psychophysical and neurophysiological measures is
necessary to determine the precise neural substrate for
these effects.

Our findings of age-related reductions in internal noise
contrast sharply with Mcintosh et al.’s (2008) report of
increasing neural noise measured by intra-participant EEG
variability between the ages of 8 and 12 years. McIntosh
et al. suggested that increasing neural noise reflected the
brain’s increasing complexity with age, allowing one to
explore multiple states and adapt to different situations.
This sort of complexity, however, is not being tapped by the
visual integration task used here, and instead, we refer to
internal noise as uncertainty in the coding of local motion
directions. Indeed, there are many different sources of
noise within the nervous system (Faisal et al., 2008) and it
is possible that noise may have different effects at different
levels of the cortical hierarchy. However, current compu-
tational and neural models of noise are based on animal
and human adult brains. It therefore remains a challenge to
determine exactly how these models should be applied to
the developing brain. The discrepancy between our results
and those of McIntosh et al. highlight the importance of
specifying what is meant by noise and the level at which
it is thought to have an effect when constructing develop-
mental models.

Our findings add to a body of literature showing a rel-
atively protracted development of sensitivity to coherent
motion (Gunn et al., 2002; Hadad et al., 2011). Our results
suggest that motion coherence thresholds reach adult-like
levels by approximately 9 years, which is slightly earlier
than previous accounts that have suggested that maturity is
reached by 10-11 years of age (Gunn et al., 2002), or 12-14
years of age (Hadad et al., 2011). Discrepancies in the age at
which adult-like levels are reached are likely to be due to
differences in a range of stimulus parameters (Narasimhan
and Giaschi, 2012). Our study also allowed us to test the
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suggestion that motion coherence sensitivity may mature
at different rates for different speeds. While Hadad et al.
did not find a significant difference in the rates of develop-
ment for sensitivity to coherent motion at 4°/s and 18°/s,
Hayward et al. (2011) reported a more gradual rate of
development for motion-defined form coherence thresh-
olds at a much slower speed of 0.1°/s compared to faster
speeds. While our results suggest similar rates of devel-
opment for coherent motion sensitivity at a slow (1.5°/s)
and faster (6°/s) speed, we noted two differences between
these speed conditions: first that internal noise develops
more gradually for slow speeds, and second, that sampling
matures later for slow speeds than fast speeds. It is possible
that such differences may have contributed to the differ-
ential rates of development in coherent motion sensitivity
reported in previous studies.

The current study not only describes motion coher-
ence thresholds but also critically helps us to understand
what might limit motion coherence sensitivity during
development, providing the first evidence of a commonly
held assumption. We have shown here that age-related
improvements in motion coherence sensitivity are driven
by an increase in the effective number of local motion sig-
nals that are averaged (i.e., improved global integration).
In contrast, internal noise does not limit motion coherence
thresholds, at least from 5 years of age. This echoes a recent
study by Falkenberg et al. (2014) showing that sampling,
and not internal noise, limits the development of sensi-
tivity to the direction of grating stimuli in children aged
5-14 years. It remains an open question, however, as to
whether internal noise might limit motion sensitivity ear-
lier on in development. It is not clear exactly how much
internal noise would be needed to limit motion coherence
thresholds, as there is no ideal observer model for motion
coherence. Dakin et al. (2005) showed that adult observers
have higher motion coherence thresholds than would be
expected based on estimates of internal noise and samp-
ling alone, which may be due to the additional requirement
of segregating signal from noise dots in motion coher-
ence tasks. The ability to extract signal from noise may be
another limiting factor on motion coherence sensitivity in
development, alongside sampling.

Future work should investigate whether our findings of
age-related reductions in internal noise and increases in
sampling generalise to different integration tasks, such as
orientation integration (e.g., Dakin, 2001), particularly in
light of the suggestion that dorsal and ventral processing
streams may follow different developmental trajectories
(e.g., Braddick et al., 2003). It is also possible that the inte-
gration reported here may relate more generally to the
ability to average across other types of information, such
as multisensory cues, which is also immature in childhood
(e.g., Gori et al., 2008; Nardini et al., 2008, 2010).

We measured fixations in a subset of participants,
allowing us to establish whether age-related changes in
internal noise and sampling were related to differences in
the ability to maintain fixation between age groups. Inter-
estingly, fixation stability was related to internal noise,
with higher internal noise levels being associated with
lower fixation stabilities. A link between eye movements
and internal noise has previously been established in a

study of people with albinism (Neveu et al., 2009), which
reported higher levels of internal noise in participants
with associated optokinetic nystagmus than those with-
out nystagmus. Neveu et al. suggested that abnormal eye
movements change the structure of visual information
entering the system, which therefore disrupts the ability
of the motion pathways to form normally. In our cur-
rent study, the nature of the relationship between fixation
stability and internal noise is unclear. It is possible that
unstable eye movements limit the precision with which
each individual dot’s direction can be estimated by young
children, or it could be that internal noise estimates and
unstable fixation are both indices of increased neural vari-
ability. Also, our fixation data suggest that observers use
comparable fixation strategies under conditions of low and
high noise, which goes some way to support the assump-
tion of noise-invariance of sampling in the equivalent noise
model.

The current study used a paradigm that allowed us
to distinguish local and global contributions to motion
integration in development-a paradigm that is far more
informative than standard motion coherence tasks. The
equivalent noise paradigm has been successfully used to
study a range of conditions in adult populations, such as
amblyopia (Hess et al., 2006), glaucoma (Falkenberg and
Bex, 2007), migraine (Wagner et al., 2010; Tibber et al.,
2014), albinism (Neveu et al., 2009) and ageing (Arena
et al., 2013; Bocheva et al., 2013; Pardhan, 2004; Pardhan
et al., 1996). The quick, efficient method employed here
made it feasible to estimate the internal noise and sampling
of children. While it is possible that the reduced num-
ber of trials may add some measurement error, we have
demonstrated that the method is still clearly sensitive to
age-related changes. The equivalent noise paradigm there-
fore has potential applications for investigating atypical
development in childhood. Motion coherence difficulties
have been found in many developmental conditions, such
as autism (e.g., Manning et al., 2013; Milne et al., 2002;
Pellicano et al., 2005), dyslexia (Hansen et al., 2001), Frag-
ile X syndrome (Kogan et al., 2004 ), and Williams Syndrome
(Atkinson et al., 1997) and hence accounts of impaired
global motion processing in these conditions lack speci-
ficity. Indeed, it could be that reduced coherent motion
sensitivity is a general consequence of atypical brain devel-
opment (Braddick et al., 2003), or it could be that atypical
motion coherence thresholds arise from different causal
factors in different conditions (see Pellicano and Gibson,
2008). The equivalent noise paradigm therefore offers the
potential to identify what might contribute to elevated
motion coherence thresholds across different conditions.

5. Conclusions

In sum, this study enriches our understanding of the
development of visual motion processing by characteri-
sing local and global limits to direction integration. Internal
noise levels reduce through childhood, while the number
of samples integrated increases. Furthermore, the grad-
ual development of motion coherence sensitivity with age
appears to be due to improvements in sampling rather than
reductions in internal noise. The current study provides
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a useful platform for investigating atypical development
of global motion perception abilities in conditions such as
autism, as well as informing future models of development
incorporating ‘noise’.
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